We construct an SU (3) L ×SU (3) R symmetric chiral effective model which includes parity pair baryon fields. It is assumed that the positive and negative parity baryons in the parity pair have opposite chiral transformation properties each other. Using this model, strong decays of the negative parity baryons are studied up to the order of one-loop corrections. The results agree qualitatively with experiment in the π and K channels. We examine how the model parameters are determined from the decay widths and study their physical meanings. Possibilities to build other models and relations to the correlation function analysis are discussed.
Introduction
Chiral symmetry is one of the most important features in the low-energy QCD and deeply influences low-lying hadron properties. In the meson sector, eight light pseudoscalar mesons, π, K and η, are regarded as the Nambu-Goldstone(NG) bosons associated with the spontaneous chiral SU(3) L × SU(3) R symmetry breaking(SCSB). The symmetry also tells us that these mesons satisfy low-energy theorems which lead to predictions such as the Goldberger-Treiman relation, the Gell-Mann-Oakes-Renner relation and so on.
In raising temperature, as shown in lattice QCD calculation, the chiral symmetry is believed to be restored at around T C ∼ m π . Then the pion, which is the NG-boson before the chiral restoration, becomes a member of an irreducible representation (2, 2) of SU(2) L × SU(2) R with a degenerate scalar partner, σ.
As for baryons, when the chiral symmetry is restored, each baryon should have degenerate parity partner and form a parity pair. Mass splittings between the parity partners in the real world would emerge as a result of spontaneous and explicit chiral symmetry breaking. It is, however, not known well as compared with mesons how the SCSB works quantitatively on the properties of the baryons.
Two of the present authors(D.J and M.O) and Kodama previously studied the masses of the flavor octet and singlet negative parity 1 2 − baryons using the QCD sum rule [1] .
There the same interpolating field is used for the positive and negative parity baryons and their masses are evaluated. Then they study the relation between the positive and negative parity baryons with an emphasis on chiral symmetry. As a result, the masses of the lowest-lying negative parity baryons are fairly well reproduced using the standard values of QCD parameters and condensates. One of notable findings is that the chiral-odd vacuum condensates which break the chiral symmetry, e.g.,and qgσ · Gq , cause the mass splitting of the positive and negative parity baryons. Furthermore it is also pointed out that as those condensates decrease, the masses of the negative parity baryons approach those of the positive parity baryons, and eventually they become degenerate when the chiral symmetry is restored. This implies that the lowest-lying negative parity baryons can be regarded as parity partners of the positive parity baryons of ground states.
The main purpose of the present work is to study properties of the negative parity baryons as members of parity pairs from SCSB point of view. We investigate strong decays of the flavor-octet negative parity baryons using chiral effective models. The SU(2) L × SU(2) R linear sigma model with parity pair has been introduced by several authors so far in somewhat different ways [2] - [6] . We generalize the SU(2) L × SU(2) R model based on DeTar and Kunihiro(DK) to SU(3) L × SU(3) R . DK defines a parity pair that consists of a usual fermion field and a "mirror fermion" field [7] which is a fermion field whose left-and right-handed transformation property is reversed. The SU(3) linear sigma model, however, cannot be a straightforward extension of the SU(2) linear sigma model since the baryon fields in the SU(3) symmetry do not belong to a fundamental representation but to an adjoint representation. In order to avoid an ambiguity in defining a linear baryon field, we construct a nonlinear effective Lagrangian. In the nonlinear theory, one can incorporate effects of the SU(3) symmetry breaking systematically by using the chiral perturbation method.
In Sec.2, we consider how the parity pair nucleons can be introduced in the effective theory. We show that if the negative parity nucleon field transforms in the same way as the positive parity nucleon field, they decouple each other, that is, the Yukawa coupling of the pions between positive and negative parity baryons vanishes. Next we introduce an SU(2) parity pair linear sigma model with a mirror fermion field according to DK. In this case the Yukawa coupling between the positive and negative parity nucleons becomes nonzero. Furthermore the masses of nucleons remain finite when the chiral symmetry is restored. In Sec.3, the SU(2) model is extended to SU(3), and the nonlinear effective Lagrangian is constructed. In Sec.4, we apply the effective theory to strong decay processes of negative parity baryons. Our interests are two fold: one is the relatively suppressed couplings with the pion, and the other is the substantial strength of the couplings with the η meson.
Here we study what causes these characteristic features from the viewpoint of the chiral symmetry. Comparison with other models is briefly given in Sec.5. Relations to the analysis by the correlation function analysis [8] are also discussed here. Summary and conclusion are given in Sec.6.
2 SU(2) L ×SU(2) R parity pair models: A naive vs mirror construction
In this section, we consider how baryon fields in the parity pair should be transformed under chiral transformations using an SU(2) L × SU(2) R linear sigma model. One assumes that the nucleon fields are defined as
where ψ + and ψ − denote the fields of the positive and negative parity nucleons, respectively. We assume that in the linear sigma model, ψ + and ψ − transform linearly under chiral transformation. There are two possibilities for the chiral transformations of ψ + and ψ − .
First we consider what we call the naive construction in which ψ + and ψ − transform in the same way under SU(2) L × SU(2) R as
ψ denote the left-and right-handed components of the nucleon fields, respectively. Using these fields, the chiral invariant Lagrangian of the SU(2) L × SU(2) R linear sigma model is given by
where L M is a meson part of the Lagrangian and ρ and τ are the Pauli matrices in the parity pair space and the isospin space, respectively. The fourth term of RHS in eq. (3) gives a coupling of ψ + and ψ − and ensures the parity of ψ − against that of ψ + . If SCSB takes place and σ = 0|σ|0 +σ, the mass matrix is
with σ 0 = 0|σ|0 . This can be diagonalized by the eigenfunction
with sinh δ ′ = g 1 /µ 0 and the eigenvalues are
for N + and N − , respectively. We note that N + and N − are parity eigenstates as ensured by the γ 5 matrix in eq. (5) . We see that g 2 should be positive so that the negative parity nucleon is heavier than the positive parity nucleon. Furthermore, we obtain m ± = 0, if the condensate σ 0 vanishes as the chiral symmetry is restored. Now the Lagrangian (
This shows that N + and N − decouple from each other, as the Lagrangian is nothing but the sum of the linear sigma models for two independent fermions. This property is unchanged when one extends the SU(2) L ×SU(2) R linear sigma model to the SU(3) L ×SU(3) R model and further to nonlinear realizations. Though this Lagrangian can be a candidate for an effective model, it gives no significant relations between N + and N − , that is, the coupling of N − to N + and a meson is completely missing which apparently contradicts experiments. Therefore, we choose here another model which allows these couplings. According to DK [2] , let us introduce the negative parity nucleon field as a "mirror fermion" field which transforms in the opposite way as the positive parity nucleon field under SU(2) L × SU(2) R . The transformation rules are
Now the term proportional to m 0 which mixes ψ + and ψ − is characteristic. Since it is chirally invariant without the meson fields, it gives rise to a nonzero nucleon mass when the chiral symmetry is restored. The mass matrix of eq. (9) is given by
and is diagonalized by the nucleon field
with sinh δ = g 1 σ 0 /m 0 . Then N + and N − have the masses m + and m − , respectively,
The vacuum expectation value σ 0 causes the mass splitting of N + and N − . If the chiral symmetry is restored, σ 0 = 0, the two masses coincide, m ± = m 0 . Let us briefly look at phenomenological consequences of the present model. One of interesting features of the present model is the axial property of the nucleons. The axialvector coupling constants are given by
Note that the diagonal axial-vector coupling constants of the nucleon decrease as σ 0 decreases when the chiral symmetry is restored. Then they satisfy the Goldberger-Treiman relations with the pion-nucleon coupling constants. These are at tree level given by
In [2] , the negative parity nucleon is assigned to the lowest energy and
An interesting point here is that the off-diagonal coupling g πN + N − is very small as compared with the other two. This comes from the large mixing parameter δ, i.e., sinh g 1 σ/m 0 ≃ 5.5 and implies that the mass m 0 of the baryons in the chiral restoration phase is also small compared to the mass scale of ordinary baryons.
Extension to SU(3) with the mirror fermion
In the previous section, we find that the introduction of the mirror fermion is essential for a nontrivial coupling of the positive and negative parity baryons. We now apply the same formulation to the SU(3) L × SU(3) R chiral symmetry. The aim is to show whether the idea of chiral mirror baryons can be applied to all the octet baryons and also to see whether the quantitative results in SU(2) remain valid. Extension to SU (3) is not straightforward since the baryon field belongs to the adjoint representation of SU(3). It is known that the SU(3) baryon in the linear realization has an ambiguity in specifying transformation properties under SU(3) L × SU(3) R [9] . The only requirement for the SU(3) baryons is that they form an octet representation of the diagonal subgroup of SU(3) V . In fact, there are three linear representations (8, 1) + (1, 8) , (3,3)+(3, 3) and (6, 3)+(3, 6) which satisfy this requirement [10] . Instead, here we construct a chiral effective model in the nonlinear representation. By taking this representation, the baryon octet transforms as an adjoint representation under SU(3) V which is the symmetry after SCSB and the meson-baryon couplings form derivative couplings. This also enables us to perform a chiral perturbation expansion.
First we rewrite the SU(2) linear sigma model with a mirror fermion introduced in the previous section into a nonlinear form. The Lagrangian (9) is written as
where
In order to rewrite eq.(17) into a nonlinear representation, we redefine the NG-boson fields in the exponential parametrization,
with π = π · τ /2. ξ is related to the linear form M by
and
Here the matrix U has been defined and is a nonlinear function of L, R and ξ. The role of U is to preserve the decomposition M = ξ 2 . This is verified as
We now rewrite the baryon fields Ψ in terms of χ and ξ
The field χ transforms nonlinearly under
where it reduces to
for the diagonal vector transformation under SU(2) V . Now the Lagrangian (17) turns into the following form:
with
. By taking the nonlinear representation, we have introduced the axial-vector coupling constant g A as a free parameter.
Once a nonlinear effective Lagrangian of SU(2) has been constructed, an extension to the SU(3) case is straightforward with a few modifications. In SU(3), the baryon fields, χ, are octet representations and transform as
Furthermore, the axial-vector coupling constants are split into two terms of so-called Fand D-couplings. Combining these two considerations, one gets the following form of the SU(3) Lagrangian,
where V µ and A µ are defined in the same way as SU (2) except that the NG-boson field ξ is in terms of the Gell-Mann matrix defined by
Note that in eq.(28) there are ρ 3 factors in the F -and D-coupling terms. This is because we take χ − as a mirror fermion field.
Since the mass term in eq.(28) includes an off-diagonal part proportional to m 0 , it must be diagonalized. In the same way as in the previous section, one gets the diagonalized form as follows,
with sinh δ = g 1 f /m 0 . N = N + N − is the nucleon field in the basis which diagonalizes the mass matrix as
In eq.(30), the parameter δ is new and does not exist in the conventional nonlinear chiral effective model [9] . 
Formulation
Strong decays of the flavor-octet negative parity baryons are calculated here to leading order of chiral logarithm. Since the baryon masses are large and we are interested in processes with characteristic energy smaller than the baryon masses, we use the formulation of heavy baryon chiral perturbation theory(HBChPT) [11] . The idea is to write the baryon momentum as p µ = mv µ + k µ , where m is the baryon mass and v µ is the velocity chosen so that the residual off-shell momentum k µ is small as compared to the chiral symmetry breaking scale, Λ χ ∼ 1GeV [12] . The effective Lagrangian is written in terms of the baryon fields B which satisfy the positive energy condition v /B = B and obey the Dirac equation i∂ /B = 0 that does not include the mass term.
Defining a heavy baryon field B as
the Lagrangian (30) becomes, including meson fields,
where ∆m = m − − m + is the mass difference between B + and B − , and M q is the quark mass matrix, for which we assume
It is noted that the ∆m term is included so as to see the decay of the negative parity baryons going into the positive ones. The baryon fields are explicitly given by
and the meson fields by
We may assign the and Σ(1750) [13] . The Λ(1405), which is the lightest negative parity baryon in the Λ sector, is associated mainly with the flavor singlet state [13] . As for Σ, another possible choice is Σ(1630), but the experimental data for Σ(1630) decays are so poor that we here compare our results with the well-established Σ(1750). The Ξ sector has little been studied experimentally. The QCD sum rule suggests Ξ(1690) to be one of the members of the 1 2 − octet baryons. But the decays of Ξ(1690) are little known qualitatively, so they are not treated here. In the calculation of the axial-vector coupling constants of the octet baryons, the coupling constants F and D change if the couplings of the decuplet baryons are taken into account [14] . We, however, have not included them because as will be seen later, decays of the negative parity baryons depend more on the parameter δ sensitively than on F and D.
Calculation
We calculate the decay widths of the following processes: N(1535) → N + π, N + η, Λ(1670) → N +K, Σ + π, Λ + η and Σ(1750) → N +K, Λ + π, Σ + π, Σ + η. The η meson here is treated as the pure octet component, η 8 , of SU(3) V . The mixing of the singlet η 1 with η 8 remains to be considered in the future.
A decay width is given by
where M is the mass of the final state meson and the invariant amplitude F is calculated up to the order of the chiral logarithm O(M log M). The relevant diagrams are shown in Figs.1 and 2 . The amplitudes for each process are given as follows.
where M K and M η are the masses of K and η, respectively. In the amplitude (38), these terms are classified as follows; the terms of α are from tree diagrams, the terms of λ i are from the wave function renormalization, and the terms of β i are from one-loop corrections (see Figs.1 and 2 ). The coefficients α, λ i and β i depend on F , D and δ, and are given for each decay separately. For the process of p − → p + π 0 , for example, they are given by
G, H, W and X contain loop integrals and are given by
We calculate the loop integrals taking into account the mass difference between m + and m − , i.e. ∆m. More details of computation are explained in Appendix A. The coefficients α, λ i and β i used for the Λ − and Σ − decays are given in Appendix B.
It should be noted that the tree contribution α is purely SU(3) symmetric and is determined completely by the F/D ratio. All the SU(3) breaking effects are introduced by the chiral log terms where the meson mass and baryon mass differences are taken into account.
Results
We show decay widths of various processes as function of tanh δ in Fig.3 to Fig.11 . Here we have fixed F tanh δ = 0.56 and D tanh δ = 0.33, which are determined so as to fit the axial-vector coupling constants of the octet baryons up to the chiral logarithm in [11] . These numbers are slightly modified when adjusted at the tree level; ( (15)). We also see in the figures that the chiral log corrections (solid lines) to the SU(3) limit (dashed lines) are small for the decays of N(1535), but substantial for those of Λ(1670) and Σ(1750). Therefore we may conclude that the SU(3) breaking effect is larger for the decays of strange baryons.
The predictions for two processes of N − → N + + η (Fig.4) and Σ − → Σ + + η (Fig.11 ) are somewhat smaller than the experiment. One of the motivations of the present study is to see whether the relatively large decay widths of these two processes accompanied by η are explained or not. However, within the present approach which is based on SU (3) symmetry, it seems difficult to reproduce this property, that is, when parameters are fixed using the small decay rate of N(1535) → N + π, the SU(3) symmetry leads to a small decay rate B − → B + + η also. We need more theoretical insight as well as more accurate experimental data to understand physics of resonance decays.
Discussions
In the previous section, we have studied strong decays of negative parity baryons within the parity pair model based on the mirror fermion formulationà la DeTar and Kunihiro [2] . However, as is shown in Sec.2, this is not a unique choice of introducing the parity pair baryons. For instance, the other choice, "naive" model, is possible, although it gives a trivial result for the baryon decay. Namely, in the tree level, the negative parity baryons do not decay into positive parity baryons and a NG-boson. The small decay rate of, for instance, N(1535) → N + π could therefore be consistent with both models.
How are they different from each other? The "mirror" model contains a new parameter m 0 , which allows a finite mass of the baryons in the limit of chiral restoration, whereas the "naive" model forces the masses of the baryons to vanish in this limit. Therefore, if the parameter m 0 is large, two approaches would be distinguished most drastically. However, we have found in the previous section that this parameter m 0 is small, say m 0 < ∼ 500MeV, or even smaller m 0 ∼ 200MeV when small decay rates of negative parity baryons are adopted. Thus the "mirror" model is not so different from the naive model in this regard.
However, there is another distinctive feature between the two approaches, that is the relative sign of the axial-vector coupling constant g A . The sign of g A of the negative parity baryon is opposite to that of the positive one in the mirror model [2] . Although the direct measurement of g A of the negative parity baryon seems difficult, g A is related to the coupling constant of the pion (NG-boson) through the Goldberger-Treiman relation in the soft-pion limit. Therefore, the sign of the pion exchange interaction between the positive and negative parity baryons is directly connected to the relative sign of g A . It may be extremely interesting if relative sign of g A is studied both theoretically and experimentally.
Finally we comment on the analysis in the correlation function approach. In [8] , it was found that the correlation function for the πN + N − coupling vanishes in the chiral and soft-pion limit. Their correlation function happens to correspond to the naive assignment of the parity pair nucleons. Therefore the results of [8] agree with the present analysis both for the coupling constant and the masses of the baryons [1] when the chiral symmetry is restored.
Summary and conclusion
We have studied the decays of . This is consistent with the previous result for the SU(2) L × SU(2) R linear sigma model [2] . The chiral log contributions, which incorporate SU(3) breaking effects, are found to be significant in hyperon decays, but do not affect the qualitative features of the tree calculation.
As the present analysis prefers a small m 0 , baryon masses in the limit of chiral restoration may not distinguish the "mirror" from the "naive" chiral assignment. However, the "mirror" model predicts the opposite signs for the axial-vector coupling constants g A for the positive and negative parity baryons. Therefore it would be extremely interesting if the relative sign of the pion-baryon couplings will be determined experimentally.
Present experimental data are not accurate enough to impose a firm constraint on the parameter tanh δ or m 0 . More accurate experimental data are desired in order to study further the structure of baryons and baryon excitations.
Appendices

A An example of one-loop calculation
Basically we follow the evaluation of the conventional method of HBChPT [11] , but we take into account the mass difference between the negative and positive parity baryons, ∆m. There appear additional terms in this case. In order to demonstrate the new terms, we consider a B − → B + +meson decay diagram shown in Fig.13 as an example. In the figure, we assume the initial and final baryons are on the mass shell so that the momentum of the final baryon B + is m + v µ and that of the initial baryon B − is m − v µ ≡ m + v µ + p µ . Multiplying v µ to both sides, we find p · v = m − − m + = ∆m.
The corresponding one-loop integral in d-dimensional space time is
or
at the order of the chiral logarithm after the dimensional regularization. Other diagrams are similarly evaluated.
In this treatment, we have neglected the SU(3) breaking effects, but it is also possible to include the mass differences among the octet baryons. Although these mass differences are not included in the Lagrangian. one can incorporate the baryon masses of the intermediate states in the one-loop integrals in a more phenomenological way. If we take mass differences relative to the final baryon as shown in Fig.14, eq. (47) is replaced by
This equation is more complicated than eq.(47) since the integral calculation is needed in both ∆m i > M and ∆m i < M cases. It is easy to see that our results are little modified at tanh δ ≃ 1 since the dominant contributions in this region are the tree diagrams and the wave function renormalization diagrams which have a positive parity baryon as the intermediate state.
B Coefficients used in the Λ − and Σ − decays 
